We compared the incidence and severity of complications during and after closing-and opening-wedge high tibial osteotomy used for the treatment of varus arthritis of the knee, and identified the risk factors associated with the development of complications. In total, 104 patients underwent laterally based closing-wedge and 90 medial opening-wedge high tibial osteotomy between January 1993 and December 2006. The characteristics of each group were similar. All the patients were followed up for more than 12 months. We assessed the outcome using the Hospital for Special Surgery knee score, and recorded the complications. Age, gender, obesity (body mass index > 27.5 kg/m 2 ), the type of osteotomy (closing versus opening) and the pre-operative mechanical axis were subjected to risk-factor analysis.
), the type of osteotomy (closing versus opening) and the pre-operative mechanical axis were subjected to risk-factor analysis.
The mean Hospital for Special Surgery score in the closing and opening groups improved from 73.4 (54 to 86) to 91.8 (81 to 100) and from 73.8 (56 to 88) to 93 (84 to 100), respectively. The incidence of complications overall and of major complications in both groups was not significantly different (p = 0.20 overall complication, p = 0.29 major complication). Logistic regression analysis adjusting for obesity and the pre-operative mechanical axis showed that obesity remained a significant independent risk factor (odds ratio = 3.23) of a major complication after high tibial osteotomy.
Our results suggest that the opening-wedge high tibial osteotomy can be an alternative treatment option for young patients with medial compartment osteoarthritis and varus deformity.
High tibial osteotomy (HTO) is most commonly used in the treatment of isolated osteoarthritis of the medial tibiofemoral compartment. 1 Treatment for osteochondritis dissecans and condylar osteonecrosis, by unloading the medial compartment or correcting malalignment, are less common indications. [2] [3] [4] [5] [6] [7] [8] [9] It may be performed using a closing-wedge technique, by dome osteotomy, or by an opening-wedge technique. The former, described by Coventry 10 is the most popular procedure. It may be performed reliably with computer navigation. 11 Its disadvantages include the risk of injuries to the peroneal nerve and the need for fibular osteotomy or the separation of the proximal tibiofibular joint and the detachment of extensor muscles. Large corrections may compromise later placement of the tibial component during total knee replacement (TKR).
Recently, medial opening-wedge HTO has been favoured over laterally based closing-wedge HTO, because it is simpler, more accurate, allows adjustment in both the coronal and sagittal planes and eliminates the need for fibular osteotomy. Thus, it avoids the risks of damage to the peroneal nerve and fibular pseudarthrosis. 3, 4, 12 Also, creating an osteotomy below the tibial tuberosity minimises the risks of development of patella infera, patella subluxation and of the loss of proximal tibial bone stock which may complicate later TKR. 13 However, it's complications include loss of fixation, nonunion and delayed union because of the relative instability.
14-17 Although Luites et al 18 recently reported similar stability following the two procedures they recommend an opening-wedge technique secured by a Tomofix plate.
Only one study has so far compared the complications of closing-and opening-wedge HTO. 15 Most have focused on one technique. 17, 19, 20 Our aim therefore was to compare the two techniques with respect to intra-and post-operative complications and to identify associated risk factors.
Patients and Methods
Between January 1993 and December 2006, 194 patients who underwent unilateral closing-or opening-wedge HTO by the senior author (EKS) were enrolled in this retrospective study. All had HTO for medial compartmental osteoarthritis with a varus deformity, with complete medical records and a minimum follow-up of one year. The surgical indications included active patients with a varus arthritic knee in a patient < 70 years of age, progressive symptoms unresponsive to conservative treatment for at least six months, > 90°o f flexion, a flexion contracture ≤ 10°, intact collateral and cruciate ligaments, no tibiofemoral subluxation and degenerative change which did not exceed Kellgren-Lawrence grade III. 21 Mild or moderate involvement of the patellofemoral joint was not a contraindication. Patients with symptomatic osteoarthritis involving the lateral compartment and those who smoked or who had undergone combined surgery on the anterior and posterior cruciate ligaments were excluded.
A total of 206 patients was eligible for inclusion; 12 were excluded because of incomplete records. All the patients gave informed consent. The senior author's preference for either type of HTO changed from lateral closing-wedge (January 1993 to October 2003) to medial opening-wedge (November 2003 to December 2006) because of operative convenience and an attempt to reduce complications. In all, 104 lateral closing-wedge and 90 medial opening-wedge osteotomies met the inclusion criteria. The closing-wedge group consisted of 88 women and 16 men with a mean age of 57 years (37 to 67), and the opening-wedge group consisted of 69 women and 21 men with a mean age of 51 years (41 to 67). The mean follow-up in the two groups was 28.3 months (12.0 to 54.0) and 26.7 months (12.0 to 48.0), respectively (Table I) . Pre-operative templating to determine the extent of the correction was performed based on the method described by Dugdale, Noyes and Styer 22 and Noyes, Barber-Westin and Roberts.
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Operative technique. The patient was positioned supine on a radiolucent operating table. A thigh tourniquet was applied and the leg draped free. Preliminary diagnostic arthroscopy of the knee was performed. Fluoroscopy was used to identify the lateral tibial plateau, to control the osteotomy and to check alignment during surgery. Closingwedge osteotomies were stabilised using two staples and opening-wedge osteotomies by two open-wedge Aescula plates (B. Braun-Aesculap, Melsungen, Germany; Fig. 1 ). Closing-wedge group. Osteotomy was performed as follows using a lateral approach. The common peroneal nerve was exposed and retracted, the proximal tibiofibular joint was opened and the osteotomy was constructed based on the pre-operative plan. The proximal surface of the osteotomy was marked with a Kirschner (K)-wire introduced roughly horizontally and about 2 cm below the tibial pla- teau. A second K-wire was placed below the first to mark the distal aspect of the osteotomy. The angle formed between the two equalled the angle of the proposed osteotomy. Placement of the K-wires was performed under fluoroscopic guidance. The first saw cut was made under the first K-wire with the saw slightly tilted to match the patient's posterior tibial slope. The posterior cortex was left intact, as described by Slocum et al. 24 The second saw cut was made above the second K-wire to cross only about 75% of the width of the tibia. A thin saw blade was then used to separate the tibial tuberosity from the metaphysis. The tuberosity was left attached to the distal fragment. After removing the outer wedge of bone, osteotomes and curettes were used to ensure that the medial periosteal sleeve and cortex were intact. In order to assist this, the medial cortex was perforated by a drill or osteotome, as required. The medial cortex had to be broken if the angular correction was large. The distal fragment was abducted to close the osteotomy. As described by Slocum et al 24 we left a thin posteromedial overhang of bone on the proximal tibial fragment. This posterior lip overrode the proximal end of the distal fragment and provided added support and stability to the osteotomy. The correction and mechanical axis were verified by fluoroscopy. The alignment was adjusted to achieve the desired correction and the fragments were secured with two stepped staples (Fig. 2) . Opening-wedge group. A skin incision of between 3 cm and 6 cm was made anteromedially on the proximal tibia. Dissection through the sartorial fascia was performed to expose the tendons of gracilis and semitendinous, which were then retracted distally. The posterior third of the superficial medial collateral ligament was reflected, and the anterior two-thirds incised transversely in line with the intended osteotomy. In view of the possibility of fracture of the lateral cortex because of the application of excessive valgus force to achieve a medial opening, the medial soft tissues were released to allow completion of the posterior corticotomy. A 3.0 mm guide wire was then inserted obliquely, after identifying the tibial tuberosity, to prevent the osteotomy extending into it. An oblique tibial tuberosity osteotomy was performed with a chisel to prevent injury to the patellar ligament. In order to obtain stability of the osteotomy, an incomplete valgus opening-wedge procedure was performed leaving 5 mm of the lateral tibial cortex intact. In order to avoid intra-articular damage, the osteotomy was carefully exposed by the stepwise insertion of three coupled osteotomes. An appropriate sized plate was selected; the first plate was inserted at the posteromedial corner as posteriorly as possible, and the second plate at the anteromedial corner behind the osteotomy of the tuberosity. In order to maintain the posteror tibial slope, the opening wedge was trapezoidal rather than rectangular in the sagittal plane, such that the anterior gap of the osteotomy was approximately two-thirds of the posterior gap as has been previously described. [25] [26] [27] [28] If the posterior opening-wedge was more than 7.0 mm, the open gap was filled with 15 ml of cancellous allograft bone obtained from TranZgraft (Tissue Banks International, Baltimore, Maryland) (Fig. 3) .
In both groups, prophylaxis for deep-vein thrombosis (DVT) included the administration of low-molecularweight heparin (5000 units subcutaneously daily) for one week, immediate flexion exercises, and the wearing of antiembolism stockings. Doppler ultrasound was performed if a patient had abnormal calf tenderness, or increased oedema. Post-operative rehabilitation. In the closing-wedge group, a non-weight bearing above-knee plaster cast was retained for the first two to three weeks after which active exercises with a brace were started. Partial weight-bearing was allowed at six weeks post-operatively and full weightbearing at eight to 12 weeks post-operatively.
In the opening-wedge group, isometric quadriceps and active ankle exercises were begun immediately after surgery. Active exercises, patellar mobilisation and straightleg raises were started on the first post-operative day. Partial weight-bearing was allowed at six weeks, and full weight-bearing at eight to 12 weeks post-operatively. A knee brace was used for about eight weeks until weightbearing was begun. Anteroposterior a) and lateral b) radiographs of a closing-wedge high tibial osteotomy stabilised by two staples. Anteroposterior a) and lateral b) radiographs of an opening-wedge high tibial osteotomy secured by Aescula plates and a cancellous bone allograft. Evaluation.
Complications were recorded at every stage. At each visit the range of movement was measured using a goniometer by one observer (MSJ) and functional assessment was performed using the Hospital for Special Surgery (HSS) 29 knee score. Radiological evaluation was carried out on the first and 14th post-operative days and then monthly until the osteotomy had united as shown on standard anteroposterior (AP) and lateral radiographs. Long-leg standing radiographs were taken to assess alignment pre-operatively, monthly after bony healing and at the final follow-up. Alignment with respect to the mechanical axis (hip-knee-ankle angle) and the tibial posterior slope were compared using lateral radiographs at 12 weeks post-operatively and at final follow-up. The films were studied for evidence of nonunion, failure of hardware or fixation and loss of correction. Loss of angular correction was defined as a loss of the mechanical axis ≥ 3°b etween the alignment at 12 weeks post-operatively and at the last follow-up.
The hip-knee-ankle angle (mechanical axis angle) was defined as that formed between a line transecting the centre of the femoral head to the centre of the knee and a line transecting the centre of the knee to the centre of the ankle. The posterior tibial slope was defined as the angle between the tangent drawn across the articular surface of the proximal plateau and a line drawn perpendicular to the tibial shaft axis.
The clinical indicators used to assess the progress of union were pain on movement or weight-bearing, tenderness and warmth on palpation, or swelling at the site of an osteotomy. The radiological indicators used to assess union were increasing graft density on serial examinations and trabecular bridging across the osteotomy. Signs of nonunion were an absence of the above indicators at six months post-operatively and a sclerotic margin at the periphery of an osteotomy. Other major complications, such as injury to the common peroneal or tibial nerve compartment syndrome or deep infection, failure of hardware or fixation, loss of correction and fracture of the tibial plateau were identified from the medical records. Complications such as sensory changes, superficial wound infection, flexion contracture of more than 10° and skin irritation caused by underlying metal, were also evaluated but considered to be minor because they were easily treated and did not result in any disability or re-operation.
Risk factor analysis included age, gender, obesity (body mass index (BMI) > 27.5 kg/m 2 ), the type of osteotomy (closing versus opening) and the pre-operative mechanical axis. Statistical analysis. Statistical comparisons between preoperative and final follow-up data were performed using the paired-samples t-test using SPSS version 17.0 software (SPS Inc., Chicago, Illinois). The independent-samples t-test was used to compare HSS scores and the chi-squared test to compare complications. A p-value ≤ 0.05 was considered to be significant. Multivariate logistic regression with stepwise variable selection was performed to determine the influence of age, gender, obesity (BMI), the type of osteotomy (closing versus opening), and the pre-operative mechanical axis. Factors found to be associated with the incidence of a major complication at a p-level ≤ 0.1 by univariate analysis were included in the multivariate logistic regression model. For uni-and multivariate analysis the odds ratios and the 95% confidence intervals (CI) were calculated. Statistical significance for the multivariate model was accepted when the p-value was < 0.05.
Results
No significant differences in the clinical details were found between the two groups ( Table I ). The mean pre-and postoperative range of movement, the duration to union of the osteotomy, pre-and post-operative HSS score and the postoperative mechanical axis were not significantly different in the two groups (Table II) . In six knees (four in the closing group and two in the opening group) a flexion contracture of between 10° and 15° was found post-operatively. The mean post-operative tibial slope in the closing and opening groups was 4.6° (1.0° to 11.0°) and 10.4° (7.0° to 14.0°), respectively, which was statistically significant (p = 0.032). The mean pre-operative tibial slope was 9.1° (4° to 14°) and 9.5°( 6° to 13°) (p = 0.891). Further analysis showed that the mean posterior slope changed significantly in the closing group (p = 0.042), but not in the opening group (p = 0.405; Table II ). Overall and major complications occurred in 29 (27.9%) and 17 (16.4%) knees, respectively in the closing-wedge group and 18 (20.0%) and 10 (11.1%), respectively, in the opening-wedge group. The incidence of overall and major complications in the two groups was not significantly different (p = 0.201, p = 0.293). There were two knees with multiple complications in the closing wedge and one knee in the opening group. However, of those complications, only one complication of greater severity was recorded.
In the closing-wedge group, the following major complications occurred; seven injuries to the common peroneal nerve, two cases of compartment syndrome, one deep infection, two nonunions, one failure of fixation, two cases of loss of correction and two of a varus instability. By contrast, in the opening-wedge group there were two cases of failure of fixation, two of loss of correction and six fractures of the lateral tibial plateau (Table III) . Minor complications included six injuries to a sensory nerve (two in the closing group and four in the opening group), two superficial wound infections in the closing-wedge group, six flexion contractures over 10° (four in the closing and two in the opening group), two episodes of skin irritation in the opening group, and four cases of fibular nonunion in the closing group; Table III ). In the closing-wedge group, the two patients with nonunion, the one with fixation failure and the two with loss of correction were treated by re-operation using 90° adolescent three-hole hip plates (OSTEO, Selzach, Switzerland), which allowed union to occur with a stable knee. The outcome of the two patients with compartment syndrome was that one fully recovered after an immediate fasciotomy, but the other was diagnosed late and underwent arthrodesis of the ankle for an equinus deformity. One patient developed a deep infection with Staph. epidermis which was successfully managed by removal of the staples and intravenous ampicillin (1.5 g) for three weeks. The two knees with varus instability were treated by reconstruction of the lateral collateral ligament. In the closing-wedge group, seven patients had nerve injuries, two involving the common peroneal nerve damage, three the deep peroneal nerve palsy, and two the superficial peroneal nerve. In each case a foot-ankle orthosis was applied, and six fully recovered in six months. One underwent arthrodesis of the ankle and was satisfied at the last follow-up.
In the opening-wedge group, the two patients with failure of fixation and the two with loss of correction were treated by re-operation using an LCP (locking compression plate Synthes, West Chester, Pennsylvania) and valgus realignment was eventually obtained. The undisplaced fractures of the tibial plateau were treated by application of a cast for four weeks and the displaced fractures by an additional cannulated screw. They healed without any complications (Fig. 4) . The dorsal cutaneous branch of the superficial peroneal nerve was affected in the closing group and infrapatellar branch of the saphenous nerve in the opening group. Univariate analysis showed that obesity and pre-operative mechanical axis (≥ varus of 10°) were associated with a major complication (odds ratio = 3.199, 3.490, p = 0.004, p = 0.003 respectively), (Table IV) . Multivariate analysis showed that obesity was a significant independent predictor of a major complication (odds ratio = 3.230, 95% CI 1.605 to 6.501, p = 0.001), whereas the pre-operative mechanical axis was not a risk factor (odds ratio = 0.644, 95% CI 0.292 to 1.423, p = 0.277).
Discussion
Jackson and Waugh 28 first introduced the concept of HTO for the treatment of osteoarthritis of the knee and the technique was later popularised by Coventry.
10 Although opening-wedge HTO has become popular in recent years because it minimises the disadvantages of lateral closingwedge osteotomy, including injury to the peroneal nerve, 30 disruption of the proximal tibiofibular joint and lateral ligament and compartment syndrome, this procedure has not gained wide popularity because of its disadvantages. These include failure of fixation, loss of correction, nonunion and delayed union. Several studies have shown that opening-wedge osteotomy has a higher rate of complications than closing-wedge osteotomy. Van den Bekerom et al 15 reported that the overall complication rate for opening-wedge HTO (55%; 11 of 20) using a Puddu plate was significantly greater than that for closing-wedge HTO (20%; 4 of 20) using an AO/ASIF Lplate. Brouwer et al 17 reported a major complication rate of 4% (4 of 47) for closing-wedge HTO using two staples, but of 11% (8 of 45) for opening-wedge HTO using a Puddu plate. However, in our study, the overall rate of complications for the closing group of 27.9% was greater than that for the opening group (20.0%), although this difference was not significant. Furthermore, we found no correlation between the type of osteotomy (closing versus opening-wedge; 16.4% and 11.1%) and the incidence of major complications by univariate analysis.
We found a decreased posterior tibial slope after a closing-wedge procedure and an increased slope after the opening-wedge procedure. This is in agreement with the findings of El-Azab et al. 31 The clinical significance of the changes remains uncertain.
Many cases of injury to the peroneal nerve during closing-wedge osteotomy have been attributed to the improper detachment of muscle from the lateral side of Radiographs of a fracture extending to the lateral tibial plateau during medial opening-wedge high tibial osteotomy which was a) stabilised by an additional 4.0 mm cannulated screw (arrow = fracture site) and b) healed at three months after the initial surgery (arrow = union of fracture). 32 In our study, the rate of injury to the peroneal nerve during closing-wedge osteotomy was 6.7% (7 of 104), but with medial opening-wedge HTO this complication was avoided. We did not encounter nonunion after opening-wedge HTO, although failure of fixation and loss of correction occurred in 4.4% of patients (4 of 90). On the other hand, van den Bekerom et al 15 and Spahn 16 reported a higher rate of nonunion and failure of fixation when a Puddu plate was used in opening-wedge osteotomy.
Several factors may have contributed to the low rate of fixation failure and loss of correction observed in our study. First, to prevent displacement of the lateral cortex during opening-wedge HTO, we attempted to save 5 mm to 10 mm of lateral bone when performing the osteotomy, and proceeded slowly with the opening procedure. Secondly, we used a two-plate rather than a single-plate system, whereby one plate was inserted anteriorly and the other posteriorly allowing three-point fixation between the two plates and the unharmed lateral cortex. This provided good stability. Thirdly, to minimise the risk of fracturing the tibial plateau we released the soft-tissues medially and performed the osteotomy parallel to the posterior tibial slope in the sagittal plane. In the opening group, six fractures of the lateral tibial plateau occurred because of a technical error such as leaving too much lateral cortex intact and creating an osteotomy which was not parallel to the tibial slope. Lastly, we tried not to break the medial cortex at the site of the osteotomy to avoid collapse and recurrence of deformity. However, despite these efforts, loss of correction occurred because of intra-operative breakage of the medial cortex, despite post-operative immobilisation.
The Aescula plate has several advantages over the TomoFix (Synthes) and Puddu (Arthrex, Naples, Florida) plates; it is small, thin, and pliable. It minimises medial soft-tissue injury and prevents skin irritation. In our study only two of the 90 patients had skin irritation compared with greater numbers for the other devices in previous reports. 17, 33 The relationship between complications and the wedge size for correction has been reported elsewhere. 34, 35 Nelissen, van Langelaan and Nelissen 36 reported significantly more complications in patients treated by opening-wedge HTO of > 10 mm.
In our study, we found a correlation between obesity and the pre-operative mechanical axis and peri-operative major complications in both groups by univariate analysis. However, a BMI of more than 27.5 kg/m 2 was found to be the only significant independent predictor of a major complication by logistic regression analysis after adjusting for the pre-operative mechanical axis.
We recognise that our study has limitations because of its retrospective nature and the patient groups being treated during different periods. However, this latter concern would have minimised selection bias.
We recommend opening-wedge HTO as an alternative treatment option for young patients with medial compartment osteoarthritis and varus deformity.
No benefits in any form have been received or will be received from a commercal party related directly or indirectly to the subject of this article.
